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A BS TRA C T 
The crushing behavior of E-glass~polyester and E-glass/vinyl ester pultruded 
tubes has been found to be significantly different for tulip triggered specimens 
as compared with bevel triggered specimens. Up to 100% more energy per 
unit weight was absorbed by tulip triggered tubes. In addition, the crushing 
was more controlled and predictable with the tulip trigger. The morphology of  
the material in the crushing zone differed in the amount and the pattern of  
fracture. The fracture pattern and crushing behavior initiated by both triggers 
were foundnot to change during crushing. The difference in crushing appeared 
to arise from the different abilities of  the tubes to support load because of  the 
different geometry of individual load-carrying structures that resulted from 
triggering. 
1 I N T R O D U C T I O N  
Polymer  composite structures have been found to be good absorbers of  
energy when crushed and the crushing is progressive, t - 3 The crush behavior 
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(a) (b) 
Fig. 1. (a) Bevel triggered tube, (b) tulip triggered tube. 
of a number of composites has been investigated, 4'5 but a fundamental 
understanding of the crushing process does not exist. Among the variables 
known to affect energy absorption in composite structures is the method of 
failure initiation, which is commonly called triggering. 6 The crushing of a 
structure is generally triggered by providing a zone of stress concentration 
which initiates crush and away from which the crush propagates. The bevel 
trigger (Fig. l(a)), produced by beveling the end edges of a tube to sharp 
edges along the inside surface, is the initiator that is most frequently used in 
energy absorption studies. 7"a Thornton has found that a trigger of different 
geometry, called the tulip trigger, affords an improvement in energy 
absorption and crush stability as compared with the bevel trigger. 9 The 
geometry of the tulip trigger is such that each of the four tube walls come to a 
point at the center of the wall and then slope downward to the lowest point 
at the tube corners, as shown in Fig. l(b). The reason for the difference in 
crushing behavior of identical tubes with bevel and tulip triggers, however, 
has not been fully understood. Work is reported here of an examination of 
differences in the crushing process in otherwise identical tubes arising from 
the bevel and tulip triggers. 
2 EXPERIMENTAL 
E-Glass/polyester and E-glass/vinyl ester pultruded tubes were tested using 
both bevel and tulip triggers. The tubes had a nominal glass content of 52% 
by weight. The glass reinforcement consisted of continuous uniaxial fiber 
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TABLE 1 
Mean Crush Load Data for Crushed Specimens 
Specimen type Mean Sample SD 90% 
load size (kN) confidence 
(kN) (kN} 
Polyester bevel 21-3 5 1-1 20-3-22.4 
Polyester tulip 29.4 5 1.1 28.4-30.5 
Vinyl ester bevel 28'0 4 3'5 23"4-32"6 
Vinyl ester tulip 55"8 5 4.5 52'7-59-4 
triggering was most apparent for vinyl ester specimens but could still be 
clearly discerned for polyester specimens. Another difference was the degree 
of fracturing that occurred for specimens with each type of trigger. The glass 
mats on the inside and outside surfaces fractured at regularly spaced 
intervals for tubes of both resin and trigger types. These fracture lines, 
however, were more closely spaced for tulip than for bevel triggered 
specimens. This accounted for the greater degree of fracture exhibited in 
tulip triggered specimens. A schematic illustration of the fracture lines is 
shown in Fig. 3. Nearly all of the fracture that takes place in the surface glass 
mats occurs at the fracture lines. Therefore, more closely spaced fracture 
lines result in more total fracture of the tube. Figure 4 shows a longitudinal 
cross-section of vinyl ester specimens that were crushed with tulip and bevel 
triggers respectively. Figure 5 shows cross-sections for tulip and bevel 
triggered polyester specimens. These photographs contrast the fracture line 
separation and the amount of fracture for both tube types. 
From observation of the crushing process, the depth of delamination 
between the glass mats and uniaxial fibers was seen to be related to the 
distance between fracture lines. For tubes where delamination does not 
penetrate deeply, the fracture lines remain closely spaced. Conversely, deep 
detamination leads to an increased distance between fracture lines. Table 2 
lists the distance between fracture lines for different specimen types. 
Comparison with the data listed in Table 1 shows a correlation between 






Schematic illustration of fracture lines. 
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Bevel and tulip triggered pultruded tubes 3 5  
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Wall delamination occurs when crushing is first initiated. The delamina- 
tion penetrates and then stops as a fracture line is created. After formation 
of the first fracture line, delamination restarts, and penetrates some 
characteristic distance along the uniaxial fiber/glass mat interface, after 
which another fracture line is created. This process of  delamination and 
fracture line formation occurs for the entire distance that the tube is crushed. 
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Fig. 5. Longitudinal cross-section of polyester tubes: (a) bevel trigger; (b) tulip trigger. 
Both the depth o f  delamination and the distance between fracture lines are 
fairly regular for a specific tube and trigger. The regularity of  the fracture 
line distance is indicated by the s tandard deviations in Table 2. 
The delamination of  the tube does not always occur precisely at the 
interface of  the glass mats and uniaxial fibers. Generally, some of  the 
uniaxial fibers do adhere to the glass mats and become part  of  the fracture 
lines. However, these represent a small fraction of  the uniaxial fibers. For 
polyester tubes, most  uniaxial fibers are flattened and directed to either the 
inside or outside of  the tube during crushing, but when the load is removed 
/ 
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TABLE 2 
Fracture Line Distance Data 
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Specimen type Fracture Sample SD 90°./o 
distance size (mm) confidence 
(mm) (mm) 
Polyester bevel 7.2 25 0-6 6.3-8.2 
Polyester tulip 5'2 35 0-4 4.6--5.9 
Vinyl ester bevel 8.5 20 0.7 7.3-9-7 
Vinyl ester tulip 4.1 42 0.2 3.7-4.4 
the fibers relax and are directed upward. Some fibers, again a minority, 
fracture at lengths approximately the same as the distance between fracture 
lines and become part of the powdered resin debris produced during 
crushing. Conversely, nearly all of the uniaxial fibers in vinyl ester tubes 
break and become the major part of the crushing debris generated. The 
splaying behavior of the unidirectional fibers seen during the crushing of 
polyester tubes does not occur with vinyl ester tubes. 
The depth of delamination, although corresponding to the distance 
between fracture lines, also appears to affect the crushing stability. The 
crushing stability is manifested by the constancy of the load during the 
crushing test. Figures 6-9 show typical load-displacement curves for each 
type of specimen tested. The load values recorded in these graphs are seen to 
be more constant and vary less for tulip triggered (Figs 7 and 9) than for 
bevel triggered (Figs 6 and 8) specimens. Not only are the load values much 
higher, but the load is more constant and load fluctuations are smaller. Load 
constancy is an important characteristic for determining a good energy 
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Load-displacement curve for polyester tulip triggered tube. 
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Fig. I0. Sections of (a) polyester and (b) vinyl ester bevel triggered tubes. 
absorber. In general, a sudden drop in load occurs with the formation of a 
fracture line on one or more tube walls. When the distance between fracture 
lines is large the corresponding load reduction also tends to be large. When 
the fracture line distances vary, the load reductions also tend to vary. This 
observation corresponds with the standard deviations listed in Table 2 for 
fracture line distance. Tulip triggered specimens, which produce more 
uniform load-displacement curves, also have a smaller standard deviation 
for fracture line distances. 
When the depth ofdelamination between the uniaxial fibers and the glass 
mats is large, the depth of  cracks along the tube corners is also large. This 
reduces the stability of  the crush zone because long segments of the 
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{a) 
(b) 
Fig. 11. Sections of(a) polyester and (bt vinyl ester tulip triggered tubes. 
separated wall act more as independent members. The separation of the 
walls at the tube corners macroscopically resembles ripping. 
In Figs 10 and 11 cross-sections of crushed tubes are sho~vn. The 
macroscopic differences revealed between specimens sectioned in this way 
are small, but the bevel triggered specimens are seen generally to exhibit a 
greater amount  of  fracture within the central region. In addition, the pattern 
of fiber separation appears to be more aligned in planes for bevel triggered 
specimens, as shown schematically in Fig. 12. The differences reported above 
come from the examination of a number of sections of tubes with both vinyl 
ester and polyester resin types. A greater number of cracks can be observed 
for bevel triggered specimens than for tulip triggered specimens. 
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Typical crack pattern from a 
/ bevel triggered specimen. 
Fig. 12. 
• Typical crack pattern from a 
~ /  tulip triggered specimen. Iy 
Schematic illustration of typical crack patterns for the bevel and tulip triggers. 
4 DISCUSSION 
The primary difference in appearance between specimens crushed using the 
two triggers is the distance between fracture lines, which are formed 
periodically after delamination cracks have penetrated between the surface 
glass mats and the uniaxial fiber bundles. The shorter distance between 
fracture lines for tulip triggered than for bevel triggered tubes results in tulip 
triggered specimens having a greater degree of fracture both within the glass 
mats and the unidirectional fibers in addition to an increased regularity of 
fracture. 
The difference in fracture line separation seems to be the result of the type 
of crack pattern that is produced from the trigger. The pattern that results 
from triggering appears to persist for the entire crushing process. In addition 
to affecting the crush load and energy absorption, the fracture behavior 
appears to affect the loading stability. 
It is likely that the different fracture patterns change the way in which the 
load is supported during crushing. It can be imagined that at any instant the 
crush load must be supported by some structural element of the tube. 
Furthermore, there will be likely to be more than one structural element 
responsible for load support at any given moment and one of these elements 
will be most responsible for supporting the load. When the structural 
element that is primarily responsible for load support at that moment fails, 
another structural element must then take over, otherwise the gross 
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Fig. 13. Schematic illustration of tube 
separation into different beams. 
f{rf 
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structure (the whole tube) will fail in a catastrophic and non-energy- 
absorbing way. Therefore, during crushing, primary load support is being 
passed from one structural element to another. This behavior is reflected in 
the load-displacement curves, where the load fluctuates as a result of 
loading and sudden unloading from the failure of different structural 
elements supporting the load at various times during crushing. 
For this study, two sets of load-supporting structural elements can be 
identified. One set is the group of individual unidirectional fiber bundles that 
are separated as a result of cracks that form during crushing. The fiber 
bundles in bevel triggered tubes were found to be smaller and more aligned 
in parallel rows than for tulip triggered specimens. This reduced the ability 
of the bevel triggered tubes to support a load by both increasing the wail 
compliance and allowing the aligned fiber bundles to slide past each other 
more easily. The other types of support identified are the side-wall surface 
mats, which are held in place by hoop fibers circling the tube. The support of 
the surface mats therefore depends on the comer integrity. The depth to 
which the cracks penetrate at the corners seems to be related to both the 
layup and the type of triggering used. The layup, and in particular hoop 
reinforcement, apparently significantly affects the crack penetration depth. 
As the reinforcement was identifical for all tubes tested, the crack pattern 
produced by the trigger seems to have been responsible for differences in the 
corner crack penetration depth in this study. Therefore, the deeper crack 
penetration depth that resulted from the bevel trigger reduced the toad- 
supporting ability of the tubes. 
The phenomenon of higher mean crush loads from specimens where 
cracks penetrate less deeply can be examined analytically. Each of the four 
walls of a square can be imagined to be a beam. When the cracks at the tube 
comers propagate to a certain depth, the wall segments separate and act as 
four individual beams, as shown in Fig. 13. These four beams will each be 
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~Side beams [ 
Fig. 14. Separation of each wall into three beam elements. 
structurally similar. As delamination occurs approximately along the 
interface between the uniaxial fibers and the glass mat, each of the four 
beams can be further divided into three smaller beams, as shown in Fig. 14. 
The summation of the load supported by each of the 12 minibeams at the 
time of fracture gives the crush load level at that instant. However, in reality, 
each of the 12 minibeams can be further sub-divided into even smaller 
beams, which is part of the reason for the difference in energy absorption 
between tubes with the contrasting triggers. 
For an illustrative model that explains the effect of crack penetration on 
crushing load, let us assume that the two outer minibeams of each wall, 
composed of the glass mats, fail in bending and that the center beam fails by 
buckling. A fracture line is created when the critical stress (and 
corresponding crush load) required for bending failure is reached for the two 
side beams. 
The stress at which bending failure occurs can be determined from 
M c  
a =  / (1) 
if the applied bending moment at failure is known. Here, a is the bending 
tensile stress, M is the applied bending moment, c is the distance from the 
neutral axis, and I is the cross-sectional moment of inertia. 
The applied moment for the outer minibeams is the sum of moments from 
the axial downward loading and from the lateral frictional force, as shown in 
Fig. 15. 
M = Pbft(L) --/aPj'2(L) (2) 
where f l  and f2 are functions of length which can be written approximately 
as 
M = P b c t L  ~' - l aPbc2L  ~ (3) 
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Fig. 15. Forces acting on bending element. 
Here L is the delamination distance, Pb is the load at bending failure, ~t is the 
coefficient of friction between the crushing plate and the bending member, 
and the cs and :is are constants, with 
~1~1 ~2~1 
Equation (1) can be rewritten as 
M ( h / 2 )  6 M  
ff = .~2bh3 - bh  2 (4) 
The terms b and h represent the width and thickness respectively, of the beam 
cross-section that is subject to the bending load. By substituting the moment 
calculated in eqn (3) into eqn (4), the ultimate stress at the time of bending 
failure can be determined by 
6 P b ( c l L  ~ -  ~c2 U2) 
o u = bh 2 (5) 
The load supported by the center beam at the time of fracture line 
formation can be calculated from the Euler buckling equation, 
rc2EI rc2Ebch3 (6) 
P c = ~ W - =  12L 2 
where Pc is the critical buckling toad, L is again the beam length produced by 
delamination, and E is Young's modulus of the beam. 
A summation can be taken by combining the load supported by the 12 
independent minibeams to yield the total load at the time of fracture, P~: 
P, = 8Pb + 4Pc (7) 
By substituting eqns (5) and (6) into eqn (7), the relationship between the 
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crack penetration depth and the load supportable at the time of fracture 
becomes 
4a,bh 2 rc2Ebch 3 
Pt = 3(c~L,~ _ i . t c 2 L , Z )  t-- 3L----- 2 -  (8) 
For both terms in eqn (8), an increase in L results in a significant reduction 
in the load that may be supported at the time of fracture. It can be concluded 
that the crack penetration depth has a large effect on the crush load obtained 
during crushing. Also, it can be seen that an increase in friction also increases 
the total load at the time of fracture. 
As stated previously, each of the 12 minibeams is actually separated into 
even smaller load-supporting members. The geometry of these smaller load 
members is probably the factor that determines the depth of corner crack 
penetration and delamination. The smaller members within the minibeams 
will probably be subject to either bending or buckling failure. It was 
assumed in the illustrative model that the load-supporting members in each 
of the tube walls had identical geometries. However, this is not true of the 
smaller members within the 12 minibeams. There is more separation within 
the walls of bevel triggered specimens and the cross-sectional shape of the 
individual members is approximately lamellar. The walls of tulip triggered 
specimens are relatively less fractured and the cross-section of these 
members is more nearly square. Therefore, the second term ofeqn (8) would 
then become 
Pc = rc Ebcihci (9) 
12L 2 
i 
where bcl and h¢i reflect the geometry of the load-carrying members 
produced by the additional splitting observed in the center part of the wall. 
The dominating term in both the bending equation (eqn (1)) and the 
buckling equation (eqn (9)) is the cross-sectional moment of inertia,/. This 
term is strictly geometrical and is greater for a square cross-section than for a 
rectangular cross-section. In addition, if a summation is taken of area 
moments, it can be seen that the summation is greatest for the cross-section 
that has been separated into the smallest total number of members. 
Therefore, the structural stiffness, El, is larger for tulip triggered specimens 
and is therefore a likely reason for the smaller depth of crack penetration at 
the tube corners. 
5 CONCLUSION 
Energy-absorbing ability and crushing behavior differ significantly for 
identical tubes that are triggered with a tulip as compared with the 
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conventional bevel trigger. It appears that the deeper crack penetration and 
larger distance between fracture lines observed for bevel triggered specimens 
than for tulip triggered specimens are a result of the total number, pattern, 
and depth of cracks developed during crush initiation. These crack patterns 
appear to continue for the entire tube length, resulting in a crushing 
behavior that is the same for the entire length. The crack pattern affects 
energy absorption and loading constancy by establishing the size and shape 
of load-supporting minibeams. The size affects the ability of the individual 
elements to support  load. Both size and shape seem to affect the friction 
between the crushing plate and the fiber bundles. Larger material segments 
increase load-supporting ability by producing a larger frictional reaction 
force by contact of the bending beams with the crushing plate. Triggering 
efficiency is apparently not improved by increasing the amount  of fracture in 
the tube beyond the degree that is required for stable crush. 
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